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DESCRIPTION 

LITHIUM SECONDARY BATTERY NEGATIVE ELECTRODE COMPONENT 
MATERIAL AND METHOD OF ITS MANUFACTURE 



Technical Field 

The present invention relates to component materials employing a 
high-performance solid electrolyte that in lithium secondary battery negative 
electrodes realize high capacity and high safety, and relates to methods of 
manufacturing the component materials and to the lithium secondary batteries 
themselves. 

Background Art 

Lithium-ionic-conductive inorganic solid electrolytes having 
phosphorous as a component are abundantly known; for example the 
characteristics of an amorphous solid electrolyte whose composition is 
Li 2 S-P 2 S 5 are set forth in Japanese Examined Pat. App. Pub. No. H05-48582 
and in John H. Kennedy, et 2 al„ "IONICALLY CONDUCTIVE 
SULFIDEBASED LITHIUM GLASSES," Journal of Non- Crystalline Solids 
123 (1990), pp. 328-338. 

Furthermore, in lithium -ion conducting, amorphous inorganic solid 
electrolytes, improving the lithium-ionic conductivity by the addition of an 
oxide to an inorganic solid electrolyte whose chief component is a sulfide has, as 
will be set forth below, been disclosed. Ways of manufacturing these inorganic 
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solid electrolytes are by a rapid-quenching technique of a melt, or by a 
mechanical mining technique using a ball mill apparatus, in which raw 
materials react with each other. The form that the electrolytes take is chiefly 
powdery as well as discoid which the powder is molded into, or else quenched 
5 blocks or flakes. 

A sulfide-based, highly lithium-ionic-conductive solid electrolyte that is 
added with an oxide is disclosed in Japanese Unexamined Pat. App. Pub. No. 
H04-202024. In the patent claims in this document, Li20 and LiOH as 
oxygen-incorporating lithium compounds to which Li2S-P 2 S 5 sulfide is added 
10 are set forth, yet what the addition amount is for the oxygen-incorporating 
lithium compounds is not stipulated. 

In Embodiment 3 of Japanese Pat. Pub. No. 3,343,936, the adding of 
Li 3 P0 4 to Li 2 S-P 2 S 5 sulfide is disclosed. In this embodiment it is shown that 
adding Li 3 P0 4 at 3 mol % (2.7 atomic % oxygen content) improves the level of 
15 ionic conductivity and the breakdown-voltage quality of the electrolyte. 

In the patent claims of Japanese Unexamined Pat. App. Pub. No. 
2001-250580, an amorphous hthium-ionic-conductive solid electrolyte whose 
composition is aLi 3 P0 4 -ALi 2 S-cP 2 S 5 is disclosed, with the ranges of the atomic 
fractions in the composition stipulated to be: a < 0.3; b> 0.3; c> 0.2. 
20 In Yoneda (with two others), "Mixed anion effect on lithium ion 

conductivity of amorphous materials in the system Li 2 0-Li 2 S-P 2 S 5 ," Extended 
Abstracts of Presentations at the 28* Symposium on Solid-State Ionics, 
(November, 2002), pp. 24-25, an Li 2 0-Li 2 S-P 2 S 5 composition is set forth, 



wherein it is given that the level of ionic conductivity becomes highest when the 
oxygen content is 1.9 atomic %. 

On the other hand, there are no reports of the incorporation of oxygen 
into crystalline solid electrolytes whose chief component is phosphorous: For 
example, in Pat. App. Pub. No. 2001-250580, and in Hama, et 4 aL, "Synthesis 
and High Lithium Ion Conductivity of New Glass-ceramics in the System 
Li2S-P2S5," Extended Abstracts of Presentations at the 26 th Symposium on 
Solid-State Ionics, (November, 2000), pp. 174- 175, heating a non-crystalline 
powder Li 2 S-P 2 S 5 composition to crystallize it is set forth; and in Murayama, et 
4 al., "Synthesis, Property and Structure of New Lithium Ionic Conductor, 
Thio-LISICON; Lithium Thiophosphate System," Extended Abstracts of 
Presentations at the 28 th Symposium on SolidState Ionics, pp. 178-179, a 
crystalline solid-electrolyte composition, L13+5XP1-XS4 (0 < x < 0.3), in pelletized 
powder form is set forth. 

Meanwhile, utilizing metallic lithium in negative electrodes as a 
technique for realizing heightened capacity in lithium secondary batteries has 
been attempted, but due during charging/discharging to reaction of the metallic 
lithium with the organic electrolytic solution contained within the battery; 
growth of dendrites of the lithium occurs on the negative electrode, giving rise 
to battery-internal shorting with the positive electrode, which presents a 
hazard that ultimately ends in the battery exploding. This dendritic growth is, 
moreover, thought to be a cause of degradation in charge/discharge capacity. 

As one technique for curbing dendritic growth, on the surface of the 
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metallic lithium either forming a polymer film, or forming an inorganic film 
such as a fluoride film, a carbonic film, an oxide film (claim 1 of the specification 
for U.S. Pat. No. 5,314,765), or a sulfide film (claim 4 of the specification for U.S. 
Pat. No. 6,025,094; claim 7 of Japanese Unexamined Pat. App. Pub. No. 
2000-340257; claims 1-3 and 9 of Japanese Unexamined Pat. App. Pub. No. 
2002-329524) have been disclosed. 

In particular, in Pat. App. Pub. No. 2000 340257 and Pat. App. Pub. No. 
2002-329524 oxygen being incorporated into a sulfide solid electrolyte is 
disclosed. 



Disclosure of Invention 

Qualities being sought out in a solid electrolyte employed in lithium 
secondary batteries include that its level of lithium-ionic conduction be high, 
that its electronic conductivity be low, and that its breakdown voltage 
15 characteristics be favorable. Further being sought, insofar as the solid 
electrolyte is formed on metallic lithium, is that the electrolyte be stable with 
respect to metallic lithium; and calls are for adhesiveness in the interface 
between solid-electrolyte protective films and metallic lithium, and for stability 
against organic electrolyte solutions. Especially in implementations in which a 
20 solid electrolyte is employed for a protective film on a metallic lithium surface, 
that the solid electrolyte not react with metallic lithium is a must, and that it 
not be reductively decomposed by the metallic lithium is crucial. 

As far as lithium-ionic conductivity is concerned, a high ionic 



conductivity at least at the 1CT 4 S/cm level or more is presumably required. 
Organic electrolytes ordinarily have an ionic conduction level at the 1CT 3 S/cm 
mark, but with the lithium-ion transport number being on the order of 0.2 to 0.3, 
the actual lithium-ionic conduction level is at the 10~ 4 S/cm mark. Therefore for 
a protective film on metallic lithium, if the ionic conduction level is at the 10~ 4 
S/cm mark or greater presumably there should be no hindrance to the flow of 
ions. 

In turn, it is considered to be necessary that the electronic conductivity 
be 4 or more decimal places below that of the ionic conductivity; and it is 
desirable that the electrolyte be a material whose electronic conductance is a 
low 10" 8 S/cm or less. The electronic conductivity being high leads to the 
metallic lithium precipitating onto the surface of the solid electrolyte film. 

As far as the breakdown voltage is concerned, the electrolyte must not 
decompose under the application of 4 V. 

In particular, it must be stable against the reducing tendency of the 
metallic lithium and other active negative electrode materials, not prone to 
reductive decomposition, and not give rise to, or otherwise not increase, 
electronic conductivity. 

An object of the present invention is to achieve the above-noted 
characteristics sought in a solid electrolyte and curb shorting due to the growth 
of dendrites from the metallic-lithium negative electrode, to make available 
highly stable, safe lithium secondary batteries of high energy density and 
superlative charge/discharge cyclability. 
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As the result of concerted investigation into the foregoing issues, it was 
discovered that the problems described above are resolved by constituting a 
solid electrolyte composition from the elements lithium, phosphorous, sulfur, 
and oxygen, and by controlling the oxygen content. 
5 In particular, the present invention is as follows. 

(l) A lithium secondary battery negative-electrode component material, 
formed by laminating onto a substrate a metallic lithium film and an inorganic 
solid-electrolyte film, the lithium secondary battery negative electrode 
component material characterized in that the inorganic solid-electrolyte film 
10 incorporates lithium, phosphorous, sulfur, and oxygen, and is represented by 
the compositional formula noted below. 

alA • bP • dS • dO 

(Li: lithium; P: phosphorous; S: sulfur; O: oxygen), wherein the ranges of 
the atomic fractions in the composition are: 
15 0.20 <a< 0.45; 

0.10 < Z><0.20; 
0.35 <c< 0.60; 
0.03 < </<0.13; 
(a+ b+ c+ d= 1). 

20 (2) The lithium secondary battery negative-electrode component material 

set forth in aforementioned (l), characterized in that the metallic lithium film 
incorporates oxygen, and the amount of oxygen incorporated is 1 atomic % or 
more, but 10 atomic % or less. 



(3) The lithium secondary battery negative -electrode component material 
set forth in aforementioned (l) or (2), characterized in that the metallic lithium 
film is present with oxygen content in the interface between the metallic 
lithium film and the inorganic solid-electrolyte film being 1 atomic % or more, 
but 10 atomic % or less. 

(4) A method of manufacturing the lithium secondary battery 
negative -electrode component material set forth in any of aforementioned (l) 
through (3), the method of manufacturing the lithium secondary battery 
negative -electrode component material characterized in forming the metallic 
lithium film and the inorganic solid-electrolyte film by a vapor deposition 
method, the vapor deposition method being vacuum deposition, ion plating, 
sputtering, or laser ablation. 

(5) A lithium secondary battery characterized in employing the lithium 
secondary battery negative -electrode component material set forth in any of 
aforementioned (l) through (3). 

In a lithium secondary battery negative-electrode component material 
according to the present invention, the inorganic solid electrolyte incorporates 
lithium, phosphorous, sulfur, and oxygen, and in the below-noted compositional 
formula — 

aLi • bP • dS • dO 

(Li: lithium; P: phosphorous; S: sulfur; O: oxygen) 

—the ranges of the atomic fractions in the composition must be: 

0.20 < a < 0.45; 
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o.io<z><o.2o; 

0.35 < c<0.60; 
0.03 < d<0.13l 
(a+b+c+d= 1). 

More specifically, in a sulfide -based inorganic solid electrolyte 
incorporating phosphorous as a constituent, having the oxygen content be 3 
atomic % or more but 13 atomic % or less allows, in addition to the breakdown 
voltage properties and to low electronic conductivity, restraint on the 
electrolyte's reaction with the metallic lithium to be realized while allowing a 
high ionic conductivity at the 10" 4 S/cm level or greater to be secured, which 
makes it possible to stabilize the coating efficacy of a solid electrolyte film. 

Furthermore, the oxygen content of the metallic lithium film formed 
beneath the inorganic solid -electrolyte film influences the resistance of the 
inorganic solid-electrolyte film to reductive decomposition. Increasing the 
oxygen content of the metallic lithium film makes it possible to improve the 
stability of the inorganic solid-electrolyte film formed on the lithium film. That 
is, with rising oxygen content within the metallic lithium film, the stability of 
the inorganic solid-electrolyte film formed thereon increases and it will do for 
the oxygen content within the inorganic solid -electrolyte film to be slight. Thus, 
controlling the oxygen content with the metallic lithium film makes it possible 
to improve how well reductive decomposition of the inorganic solid-electrolyte 
film is kept under control. In this regard, the oxygen content with the metallic 
lithium film is preferably 1 atomic % or more, but 10 atomic % or less— more 
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preferably, from 1 atomic % to 5 atomic %. 

If the oxygen content within the metallic lithium is less than 1 atomic %, 
the reducing power of the metallic lithium intensifies, meaning that in order to 
increase the resistance of the inorganic solid-electrolyte film to being reduced, 
5 unnecessarily the oxygen content of the electrolyte has to be increased. 
Likewise, if the oxygen content within the metallic hthium film were to surpass 
10 atomic %, the content would exert a negative influence on the component 
material's performance as the negative electrode of a hthium secondary battery. 
While in practical terms, there are no problems in the region from 5 atomic % to 
10 10 atomic %, in the region below 5 atomic % the battery's performance stability 
is enhanced all the more. 

Meanwhile, a metallic hthium film having a rich oxygen content, with up 
to 55 atomic % as the limit, may be formed at a fixed thickness in the interface 
between the metallic lithium film and the inorganic solid-electrolyte film. In 
15 that case the thickness preferably is 0.5 /an or less, more preferably 0.3 jum or 
less. 

For assaying the oxygen and the constituent elements, the films can be 
analyzed using X-ray photoelectron spectroscopy (XPS). In particular, the 
analyzer must be a device whose analysis chamber attains a high vacuum, 
20 which preferably is 1.33 x l(P» hPa or less. An XPS analyzer with such 
capability is, to give one example, the ESCA-5400MC, manufactured by Phi Inc. 
It should be noted that assay in the depth-wise thickness is accomplished by 
analyzing the films while etching through them with the argon-ion beam 
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sputterer that is provided with the analyzer, and the etching speed therein may 
be converted using the speed when SiC>2 is being etched. Specifically, under 
certain fixed etching conditions and wherein a film is etched for a certain fixed 
time period, the depth will differ depending on the target element, but by 
having it in all cases be the depth with SiC>2 allows a tentative yardstick to be 
established; in the present invention the assay is by means of this expedient. 

One way that the laminated structure of the metallic lithium film and 
the inorganic solid-electrolyte film can be prepared is by a vapor deposition 
method. Examples of vapor deposition methods include a vacuum deposition, 
ion plating, sputtering, and laser ablation. In these vapor deposition methods, 
control of the oxygen content within the metallic lithium film and within the 
inorganic solid-electrolyte film proves to be comparatively easy by 
partial-pressure control of the oxygen gas within the gaseous phase, and by 
controlling the oxygen content within the source materials. Control of the 
oxygen content along the film thickness turns out to be possible besides. What 
is more, that fact that all of the constituent elements are deposited once having 
gone through the gaseous phase is thought to enable the oxygen atoms to be 
dispersed comparatively uniformly within the metallic lithium film and within 
the inorganic solid -electrolyte film, which makes it possible to design for 
stabilization of irregularities in the film characteristics. Finally, in preparing 
the inorganic solid-electrolyte film, different from techniques— as with a 
rapid-quenching technique— that exploit a change from a liquid to a solid state, 
with vapor deposition methods, a process of change from a gas state to a solid 
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state is employed, and therefore the degree of non-crystalhnity can be raised 
and the range of amorphous-deposition compositions can be broadened. 

Best Mode for Carrying Out the Invention 

In the following, according to example embodiments the present 
invention will be explained in further detail. 

As is indicated in Fabrication Examples 1, 2 and 3 set forth below, the 
composition of the inorganic solid-electrolyte film, the formation of the metallic 
lithium film, and the control of oxygen content were investigated, and it was 
verified that in each case the example came out problem-free. 
Fabrication Example 1 -Deposition of Solid Electrolyte Film 

By the procedure set out in the following, an inorganic solid-electrolyte 
film of lithium (Li) - phosphorous (P) - sulfur (S) - oxygen (O) composition was 
formed onto a glass substrate using laser ablation. 

Lithium sulfide (Li 2 S), phosphorous pentasulfide (P 2 S 5 ), and 
phosphorous pentoxide (P 2 0 5 ) were mixed together inside a glove box charged 
with argon gas of dew point -80°C, and the powder blend was put into a mold 
and compressed to prepare a pelletoid target. 

The target was transferred from the glove box interior to, and set up 
inside, a film-deposition apparatus in a manner so as not to expose the target to 
the atmosphere, and by focusing a laser beam onto the target, the source 
material was vaporized and deposited as a film onto a substrate made of glass. 
The substrate did not become particularly heated. 
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The results of post-deposition analysis, which was carried out with the 
ESCA-5400MC by Phi Inc., of the film composition were, for the lithium (Li) - 
phosphorous (P) - sulfur (S) - oxygen (O) composition, 26 atomic %, 13 atomic %, 
54 atomic %, and 7 atomic %, respectively. 

The post-deposition sample — glass substrate and all — was fractured, and 
the cross-section was observed under a scanning electron microscope (SEM), 
wherein the solid electrolyte film measured 0.5 /mx in thickness. 

A digitated metal electrode was formed onto the inorganic 
solid-electrolyte film created on the glass substrate, and the level of ionic 
conduction in the inorganic solid-electrolyte film was measured by the complex 
impedance method, varying the sample temperature from room temperature up 
to 170°C. The ionic conduction characteristics following the 170°C anneal were 
that the ionic conduction level at 25°C was 1.3 x 1CT 4 S/cm, and the activation 
energy was 38 kJ/mol. 

Fabrication Example 2 - Deposition of Solid Electrolyte Film 

By the procedure set out in the following, an inorganic solid-electrolyte 

film of lithium (Li) - phosphorous (P) - sulfur (S) - oxygen (O) composition was 

formed onto a glass substrate using laser ablation. 

Lithium sulfide (Li 2 S), phosphorous pentasulfide (P 2 S 5 ), and 

phosphorous pentoxide (P 2 Os) were mixed together inside a glove box charged 

with argon gas of dew point -80°C, and the powder blend was put into a mold 

and compressed to prepare a pelletoid target. 

The target was transferred from the glove box interior to, and set up 
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inside, a film-deposition apparatus in a manner so as not to expose the target to 
the atmosphere, and by focusing a laser beam onto the target, the source 
material was vaporized and deposited as a film onto a substrate made of glass. 
In this case, argon gas into which oxygen was mixed was employed as the 
deposition ambient gas. Again, the substrate did not become particularly 
heated. 

The results of post-deposition analysis, which was carried out with Phi 
Inc.'s ESCA-5400MC, of the film composition were, for the lithium (Li) - 
phosphorous (P) - sulfur (S) - oxygen (O) composition, 26 atomic %, 15 atomic %, 
55 atomic %, and 4 atomic %, respectively. 

The post-deposition sample — glass substrate and all — was fractured, and 
the cross-section was observed under a scanning electron microscope (SEM), 
wherein the solid electrolyte film measured 0.5 /an in thickness, 

A digitated metal electrode was formed onto the inorganic 
solid-electrolyte film created on the glass substrate, and the level of ionic 
conduction in the inorganic solid -electrolyte film was measured by the complex 
impedance method, varying the sample temperature from room temperature up 
to 170°C. The ionic conduction characteristics following the 170°C anneal were 
that the ionic conduction level at 25°C was 4 x 10"* S/cm, and the activation 
energy was 36 kJ/mol. 

The same results were obtainable by sputtering, vapor deposition, and 
ion plating carried out as the film deposition technique. 
Fabrication Example 3 - Deposition of Metallic Lithium Film 
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By the procedure set out in the following, a metallic lithium film was 
formed onto copper foil. 

A copper foil substrate was anchored to a support pedestal attached to a 
baseplate cooling mechanism within a vacuum deposition device. A metallic 
lithium coupon serving as the source material was placed into the heating 
chamber of the vacuum deposition device, and the device interior was pumped 
down to a vacuum. A minuscule amount of oxygen was introduced into the 
heating chamber, and the lithium was deposited as a film by heating the 
chamber. 

The results of post-deposition analysis, which was carried out with Phi 
Inc.'s ESCA-5400MC, of the oxygen depth-wise in the film were 52 atomic % in 
the surface, but 5 atomic % at a depth of 0.46 /an. The surface oxygen was due to 
the face of the sample being oxidized in the handling stage. The oxidized surface 
layer can be removed by an ion bombardment process before the inorganic 
solid-electrolyte film is deposited. 
Embodiment 1 

Rolled copper foil of 10 /an thickness was employed as the substrate, and 
a metallic lithium film was formed onto this substrate by a vapor deposition 
technique in the same way as in Fabrication Example 3. The thickness of the 
metallic lithium film measured 5 /*n. The film thickness was assayed by 
measuring the film with a four-point probe. Then further, in the same way as in 
Fabrication Example 1 an inorganic solid-electrolyte film of lithium (Li) - 
Phosphorous (P) - sulfur (S) - oxygen (O) composition was deposited to a 
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thickness of 0.5 /an by laser ablation onto, after ion-bombardment treating, the 
substrate on which the metallic lithium film had been formed. With the 
inorganic solid-electrolyte film being colorless and transparent, the hue of the 
sample took on the color of the underlying metallic lithium. This series of 
fabrication processes was carried out within a dry argon gas atmosphere. 

The composition of the inorganic solid -electrolyte film was analyzed 
using X-ray photoelectron spectroscopy (XPS). For the analyzer, Phi Inc.'s 
ESCA-5400MC was employed, wherein a preselected chamber was used, and 
the sample was placed within the analyzer without the sample coming into 
contact with the atmosphere. The resulting breakdown of the inorganic 
solid-electrolyte film composition immediately post-fabrication was: Li, 26 
atomic %; P, 15 atomic %; S, 55 atomic %; and O, 4 atomic %. 

Furthermore, in depth-wise profile, with further depth past the inorganic 
solid-electrolyte layer the Li quantity had increased, while the other elements 
had decreased. And the O content at the point where P and S were no longer 
detected was 3 atomic %. 

The sample after fabrication was kept in dry argon gas to examine its 
stability over time. At the stage when 3 months had elapsed following 
fabrication the transparency of the inorganic solid-electrolyte film had not 
changed, nor was there change in the hue of the sample. The inorganic 
solid-electrolyte film composition was again analyzed by XPS and had not 
changed by comparison to what it was immediately post -fabrication. 
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Embodiment 2 

A metallic lithium film and an inorganic solid-electrolyte film were 
formed by the method of Embodiment 1, and then a metal electrode was 
mask-formed onto the inorganic solid-electrolyte film. 

The direct-current resistance of the sample on which the metal electrode 
had been formed was measured. The measurement was made between a metal 
probe contacted onto the metal electrode, and the copper foil, wherein the 
resistance is measured based on the lithium-ionic conduction while the metal 
electrode side is made negative and lithium ions within the inorganic 
solid-electrolyte film flow from the metallic lithium side to the metal electrode 
side. Meanwhile, when the metal electrode side is made positive no lithium ions 
are transmitted from the metal electrode side, and thus the electronic 
conduction level of the inorganic solid-electrolyte film is measured. As a result, 
by measurement in the ionic -conduction direction a value of 5 Q was indicated, 
and by measurement in the electronic-conduction direction, 1 MQ was. In 
addition, with the object of gauging change over time the measurements were 
repeated 3 months later, wherein the same values were indicated. The series of 
fabrication processes herein was carried out within a dry argon gas atmosphere. 
Embodiment 3 

Rolled copper foil of 10 /an thickness was employed as the substrate, and 
a metallic lithium film was formed onto this substrate by a vapor deposition 
technique in the same way as in Fabrication Example 3. The thickness of the 
metallic lithium film measured 5 /an. The film thickness was assayed by 
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measuring the film with a four-point probe. Then further, in the same way as in 
Fabrication Example 2 an inorganic solid-electrolyte film of lithium (Li) - 
phosphorous (P) - sulfur (S) - oxygen (O) composition was deposited to a 
thickness of 0.5 /mx by laser ablation onto the substrate on which the metallic 
lithium film had been formed. With the inorganic solid-electrolyte film being 
colorless and transparent, the hue of the sample took on the color of the 
underlying metallic lithium. This series of fabrication processes was carried out 
within a dry argon gas atmosphere. 

The composition of the inorganic solid-electrolyte film was analyzed 
using X-ray photoelectron spectroscopy (XPS). For the analyzer, Phi Inc.'s 
ESCA-5400MC was employed, wherein a preselected chamber was used, and 
the sample was placed within the analyzer without the sample coming into 
contact with the atmosphere. The resulting breakdown of the inorganic 
solid-electrolyte film composition immediately post-fabrication was: Li, 29 
atomic %; P, 13 atomic %; S, 53 atomic %; and O, 5 atomic %. 

Furthermore, in depth-wise profile, just past the inorganic 
solid-electrolyte layer the O content had increased, growing to a maximum 52 
atomic %, and with further depth the O content had decreased, while the Li 
quantity had increased. The thickness of the layer in which the O content had 
increased to 10 atomic % or more was 0.23 /mi. And the O content at the point 
where P and S were no longer detected was 1 atomic %. 

The sample after fabrication was kept in dry argon gas to examine its 
stability over time. At the stage when 3 months had elapsed following 
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fabrication the transparency of the inorganic solid-electrolyte film had not 
changed, nor was there change in the hue of the sample. The inorganic 
solid-electrolyte film composition was again analyzed by XPS and had not 
changed by comparison to what it was immediately post-fabrication. 
Embodiment 4 

The sample prepared in Embodiment 1 was die-cut at 15 mm diameter 
into a negative electrode. 

A positive electrode was fashioned by mixing LiCo02 serving as an active 
material, carbon particles for imparting electronic conductivity, and 
polyvinylidene fluoride, together with an organic solvent, and spreading the 
mixture onto aluminum foil. The positive-electrode thickness was 100 /jm, with 
a volumetric energy density of 3 mA • h (milliamperes ♦ hour)/cm 2 (square 
centimeters), the positive-electrode diameter was 15 mm, and the total capacity 
was 5.3 mA • h. 

A lithium secondary battery was produced by setting the negative 
electrode, a separator (porous polymer film), and the positive electrode into a 
coin-shaped cell under an argon gas atmosphere of dew point -80°C or less, and 
then trickling into the cell an organic electrolyte solution, in which 1 mol % of 
LiPFe as an electrolyte salt was dissolved into a mixed solution of ethylene 
carbonate and propylene carbonate. 

A charge/discharge cycling test was carried out under 2.7-mA 
constant-current conditions at a charging voltage of 4.2 V and a discharging 
voltage of 3.0 V. The result was that even after 500 cycles internal shorting had 



19 



not been caused, wherein deterioration in capacity was not apparent. 

Following the charge/discharge cycling test, the coin cell was broken 
down, and the negative electrode was taken out, observed under a scanning 
electron microscope (SEM), and put through energy dispersion X-ray 
spectroscopy (EDX). No dendritic growth of the metallic lithium could be seen, 
while the inorganic solid-electrolyte layer was observed to be retained on the 
negative-electrode surface. 
Embodiment 5 

The sample prepared in Embodiment 3 was die-cut at 15 mm diameter 
into a negative electrode. 

A positive electrode was fashioned by mixing LiCo0 2 serving as an active 
material, carbon particles for imparting electronic conductivity, and 
polyvinylidene fluoride, together with an organic solvent, and spreading the 
mixture onto aluminum foil. The positive-electrode thickness was 100 jum, with 
a volumetric energy density of 3 mA • h (milliamperes • hour)/cm2 (square 
centimeters), the positive-electrode diameter was 15 mm, and the total capacity 
was 5.3 mA • h. 

A lithium secondary battery was produced by setting the negative 
electrode, a separator (porous polymer film), and the positive electrode into a 
coin-shaped cell under an argon gas atmosphere of dew point -80°C or less, and 
then trickling into the cell an organic electrolyte solution, in which 1 mol % of 
LiPF 6 as an electrolyte salt was dissolved into a mixed solution of ethylene 
carbonate and propylene carbonate. 
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A charge/discharge cycling test was carried out under 2.7 mA 
constant-current conditions at a charging voltage of 4.2 V and a discharging 
voltage of 3.0 V. The result was that even after 500 cycles internal shorting had 
not been caused, wherein deterioration in capacity was not apparent. 

Following the charge/discharge cycling test, the coin cell was broken 
down, and the negative electrode was taken out, observed under a scanning 
electron microscope (SEM), and put through energy dispersion X-ray 
spectroscopy (EDX). No dendritic growth of the metallic lithium could be seen, 
while the inorganic solid-electrolyte layer was observed to be retained on the 
negative-electrode surface. 
Embodiments 6-12 

Lithium secondary batteries of the same configuration as in Embodiment 
4, but in which the composition of the inorganic solid-electrolyte film was 
altered were produced, and their characteristics were examined. The results 
are set forth in Table 1. It should be understood that in the present 
embodiments, deposition of the inorganic solid- electrolyte films was executed 
by laser ablation, but fabrication of the films is not limited to this technique and 
can be by other methods such as vacuum deposition and RF sputtering. 
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Table I 



Embod. 
no. 


Solid electrolyte 
film composition 
(XPS breakdown 
figures) 


Experimental results 


Li 


P 


S 


O 


Hue 
change 
(after 3 

mo.) 


DC resistance (Q) 


Ionic cond. level 

by complex 
impedance meth. 
(170°C anneal) 


Charge/ 
discharge 
cycle 


Ionically 
conducting 


Electronically 
conducting 


Elapsed- time 

change 
(after 3 mo.) 


S/cm 


kJ/mol 


6 


41 


11 


35 


13 


No 


15 


IM 


No 


l.OxlO" 4 


40 


Over 500 


7 


26 


13 


52 


9 


No 


10 


IM 


No 


l.lxlO" 4 


39 


Over 500 


8 


26 


13 


54 


7 


No 


8 


IM 


No 


1.3x HT 4 


38 


Over 500 


9 


26 


15 


55 


4 


No 


5 


IM 


No 


3.0xl0~ 4 


36 


Over 500 


10 


20 


20 


57 


3 


No 


4 


IM 


No 


3.0xl0" 4 


36 


Over 500 


11 


45 


10 


42 


3 


No 


3 


IM 


No 


5.0xl0~ 4 


35 


Over 500 


12 


23 


14 


60 


3 


No 


4 


IM 


No 


4.0xl0* 4 


36 


Over 500 



Comparative Examples 1 & 2 

Lithium secondary batteries of the same configuration as in Embodiment 
4, but in which the composition of the inorganic solid-electrolyte film was 
outside the scope of the present invention were produced as comparative 
examples, and their battery characteristics were examined. The results are set 
forth in Table II. In addition, the degenerated condition after 1 month of the 
sample presented in Comparative Example 1 is set forth in Table III. 

With Comparative Example 1, because with its oxygen content being low 
there is no stability in its inorganic solid -electrolyte film over time, the battery 
performance falls short. In turn, in Comparative Example 2, because the 
oxygen content is overabundant, the ionic conductivity falls short, and the 
battery performance does not prove to be sufficient. 
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Table II 



Comp. 
ex. no. 


Sol 
filn 

(XT 


id electrolyte 
i composition 
'S breakdown 
figures) 


Experimental results 


Li 


P 


S 


O 


Hue 
change 
(after 3 

mo.) 


DC resistance (Q) 


Ionic cond. level 
by complex 
impedance 
meth. (170°C 
anneal) 


Charge/ 
discharge 
cycle 


Ionically 
conducting 


Electronically 
conducting 


Elapsed-time 

change 
(after 3 mo.) 


S/cm 


kJ/mol 


1 


26 


15 


57 


2 


Yes 


3 


1M 


Yes 


5xl0~ 4 


35 


150 


2 


21 


13 


41 


15 


Yes 


10 


1M 


No 


2xl0" 4 


51 


200 



Table III 



Comp. 
ex. no 


Solid electrolyte film 
composition (XPS breakdown 
figures) 


Experimental results 


Li 


P 


S 


O 


Hue change 
(after 3 mo.) 


DC resistance (Q) (after 1 mo.) 


Ionically 
conducting 


Electronically 
conducting 


1 


65 


5 


28 


2 


Turned black, 
green, opaque 


1000 


1M 



Comparative Examples 3 & 4 

Metallic lithium films of the same configuration as in Embodiment 4, but 

in which the oxygen content was outside the scope of the present invention were 

formed as comparative examples, and their cyclability in a battery was 

examined. The results are set forth in Table IV. 

With Comparative Example 3, because with its oxygen content being low 
there is no stability in its inorganic solid-electrolyte film over time, the battery 
performance falls short. In turn, in Comparative Example 4, because the 
oxygen content is overabundant, the battery performance does not prove to be 
sufficient. 
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Table IV 



Comp. 
ex. no 


Solid elect 
compc 
(XPS breakd 


rolyte film 
)sition 

own figures) 


Metallic 
Lithium 


Experimental results 


Li 


P 


S 


O 


O 


Hue change 
(after 1 mo.) 


Charge/discharge 
cycle 


3 


28 


15 


55 


2 


<0.5 


Yes 


150 


4 


28 


15 


55 


2 


11 


No 


100 



Industrial Applicability 

In accordance with the present invention as given in the foregoing, 
shorting due to the growth of dendrites from a metallic-lithium negative 
electrode is suppressed to achieve highly stable, safe lithium secondary 
batteries of high energy density and superlative charge/discharge cyclability. 



